In this paper, surface roughness effect on Q-factor of Ge whispering gallery mode (WGM) microdisk resonator is thoroughly investigated by 2D and 3D finite-difference timedomain (FDTD) simulation. Results reveal that the effective radius of nanohole along a microdisk perimeter, roughness index, significantly degrades the device Q-factor and should be sub-100 nm.
Introduction and Simulation Strategy
Optical devices based on Ge are gaining more popularity by virtue of the graftability to silicon-based integrated circuits [1] . 2D and 3D FDTD simulations were performed for analyses of surface roughness effect on WGM Ge microdisk resonator quality. Intentional surface roughness was made by carving either four or eight evenly spaced identical nanoscale holes (angular spaces = 90˚ and 45˚) on the microdisk perimeter as shown in Fig. 1 . The diameter of microdisk was 3 µm and radius (R) of nanohole was varied up to 200 nm to keep the roughness variation under 7%. Thicknesses were controlled from 500 nm to 2 µm. The waveguide coupled for WGM operation was presumably realized as an optical fiber with 1 µm diameter at 200 nm distance from the device as illustrated in Fig. 2 . n = 1.5 was used as the refractive index of the optical fiber so that it can be approximately treated as a silicon dioxide (SiO 2 ) waveguide while a value of n = 4.2 was adopted for Ge. Fig. 3 shows transmission characteristics analyzed by 3D simulation as a function of wavelength from 1500 nm to 1700 nm for devices with different thicknesses (T), where no prominent decrease with T-variation is observed. On the other hand, EM field distribution profiles were severely deformed by introducing surface roughness. Fig.  5 shows the 2D simulation results for mode patterns on microdisks having 4 nanoholes. The radius were 0, 100, and 200 nm while the number of nanoholes (N) was fixed to four. Thickness effect could be disregarded by results from Fig. 3 and 4 so that 2D simulation was reliable enough to examine the planar EM patterns. There was no coupled optical fiber and the light was emitted from a point source. Fig. 6 depicts the Q-factor at various wavelengths. Fig . 7 demonstrates the 3D simulation results for Q-factor of Ge microdisk resonators coupled to an optical fiber. Microdisk thickness was fixed to 1 µm and the number of nanoholes was four. The Q-factor values were drastically reduced by moving the point source of light signal outward but the decrease of Q-factor along with increasing R could be observed. Results from Fig. 6 and 7 confirm that surface roughness is a more decisive factor than thickness in a sense that the total internal reflections (TIRs) for a WGM operation mainly occur on the microdisk perimeter. 8 shows the variation of quality factor under different surface conditions at several wavelengths. Nanohole radius was varied down to 50 nm and the number of holes was doubled to take more conditions into consideration. When N = 8 (angular space = 45˚), the expected Q-factor is lower than that of a case when N = 4 (angular space = 90˚). At the same time, it is witnessed that Q-factor is degraded more rapidly as R increases when N =4. N is another factor determining the resonator quality so that the upper limit for Q-factor is already bounded by N values to a large degree. Based on these simulation results, an exemplary analysis can be made such that a fabricated Ge microdisk resonator without a post-process surface treatment bears nanoholes with effective radius of 50 -100 nm when N = 4 is assumed [2] .
Results and Discussion
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Conclusion
Q-factor of WGM microdisk resonator turned out to be highly dependent on surface roughness by 2D and 3D FDTD simulation. Subsequent surface treatment should be considered for improving cavity performance. Recently, efforts are made for growing compound semiconductors on silicon by process with relatively low thermal budget such as molecular beam epitaxy (MBE) [3] , which calls for using chemical rather than high temperature annealing.
